In order to understand diagrammatic reasoning with multiple diagrams, this study proposes a theoretical framework that focuses on the cognitive processes of perceptual and conceptual integration. The perceptual integration process involves establishing the interdependence between the relevant system elements that have been dispersed across multiple diagrams, while the conceptual integration process involves generating and refining hypotheses about the system by combining the higher level information inferred from the diagrams.
Perceptual and Conceptual Processes in Diagrammatic Reasoning.
The subject matter of diagrammatic reasoning is how the human uses diagrammatic (pictorial) representations in problem solving and reasoning (Chandrasekaran, Glasgow and Narayanan, 1995) . The cognitive processes in diagrammatic reasoning consist of perceptual and conceptual processes (Larkin and Simon, 1987; Narayanan, et al., 1995; Rogers, 1996) . The perceptual process is a bottom-up activity of sensing something and knowing its meaning and value (Bolles, 1991) , while the conceptual process is a top-down activity of generating and refining hypotheses (Simon and Lea, 1974) . In other words, we search and recognize relevant information through perceptual processes and reason by inferring and deriving new information through conceptual processes. Explicit integration of the bottom-up approach on low-level vision (Marr, 1982) with top-down effects of contextual knowledge on high-level vision (Kosslyn, Flynn, Amsterdam and Wang, 1990) is necessary for diagrammatic reasoning, because the problem solver must be engaged in looking at the visual diagrams throughout their reasoning tasks (Rogers, 1995) .
The powerful impact of a single diagram in reasoning and problem solving is due to its potential to assist the perceptual and conceptual processes (Rogers, 1996) . For example, Larkin and Simon (1987) found that a diagrammatic representation is (sometimes) better than a sentential representation, because the diagrammatic representation helps both the perceptual and conceptual processes in problem solving. In terms of the perceptual process, a single diagram helps identify and recognize relevant items, because a diagram can group all relevant information, thus avoiding a large amount of search for elements required for problem solving. In terms of the conceptual process, a single diagram helps to generate and test hypotheses, because a diagram can provide a large number of perceptual inference cues, which are extremely easy for humans to use (Larkin and Simon, 1987) .
Therefore, in order to fully exploit the potential of the diagram, we need to utilize the diagram efficiently in both the perceptual and conceptual processes. For example, Rogers (1995 Rogers ( , 1996 compared high-performance and low-performance subjects diagnosing plausible diseases based on x-ray films. The high-performance subject showed that the two-way interaction between the conceptual and perceptual processes lead to a fairly efficient convergence upon a correct solution. On the other hand, the low-performance subject gathered a great deal of perceptual information about the primary symptom, but failed to generate diagnostic hypotheses.
Hence, in the high-performance case, both perceptual and conceptual aspects of the diagnosis process were traversed in such a way that a correct diagnostic hypothesis was developed, whereas the pattern of the lowperformance showed a mis-balance between the two processes, which led to weak solution hypotheses.
In summary, the diagram facilitates both the perceptual and the conceptual processes of reasoning. However, simply providing a diagram does not guarantee better performance in reasoning unless the problem solver performs the two processes in an efficient manner. In the following section, we will extend our discussion to reasoning with multiple diagrams.
Integration Processes with Multiple Diagrams.
As the target system becomes more complex, we need more than a single diagram to represent it. Multiple diagrams depict the same system from different perspectives (Booch, 1994) , at different levels of abstraction (Coad and Yourdon, 1990) , or for different functional roles (Cheng, 1996) . For example, in the domain of business engineering, several different kinds of diagrams are constructed from various perspectives (Curtis, Kellner and Over, 1992) . Diagrams from the functional perspective represent what process elements are being performed, while those from the behavioral perspective represent when and how they are performed. On the other hand, the organizational diagrams show where and by whom in the organization they are performed, and diagrams from the informational perspective indicate the informational entities produced or manipulated by the processes. For another example, most object-oriented methodologies model a system from the static, the dynamic and the functional perspectives (Rumbaugh, et al., 1991) . Models from the static perspective describe the static structure of the system in terms of the objects in a system and their relationships. Models from the dynamic perspective describe the aspects of a system that change over time. Finally, models from the functional perspective describe the data value transformations within a system in terms of processes. These three perspectives are orthogonal views of the description of a complete system and are cross-linked in that the integration of the various perspectives is necessary to thoroughly understand the system in its entirety (Pennington, 1987) . Similarly, Cheng (1996) proposed twelve functional roles for diagrams, and argued that multiple diagrams were needed to provide comprehensive coverage of these twelve roles.
Multiple diagrams are designed to facilitate human understanding and communication for each constituent diagram, because each individual diagram segregates only closely related entities and organizes them from a single consistent perspective. However, the ease in understanding individual parts of a target system (i.e., one diagram) does not guarantee the same ease in understanding the entire target system as a whole (i.e., the whole set of multiple diagrams). As the number of diagrams gets larger, the problem solver can only see one small portion of the total system at a time or a very small number of the available displays (Cook, Potter, Woods and McDonald, 1991) . This property is referred to as the keyhole effect (Woods and Watts, 1997) . The keyhole effect complicates perceptual and conceptual processes in diagrammatic reasoning. With the perceptual process, the ease of search and recognition fostered by the diagrammatic representation may no longer apply because information about a particular object is conveyed not only in one of the multiple diagrams but is distributed across several diagrams. The problem solver, therefore, has to navigate across multiple displays to search and relate items that are dispersed among different diagrams (Woods and Watts, 1997) . Similarly, with the conceptual process, the activities of generating and refining hypotheses about the target system may become more difficult because crucial information for problem solving may not be readily available, since these will be dispersed among different diagrams. Therefore, in order to attain a thorough understanding of the target system, the problem solver needs to navigate across different diagrams in order to search for relevant information and integrate them into a coherent representation of the target system. However, the navigation process cannot be performed randomly or sequentially because not all diagrams convey information meaningful to the problem solver's current hypothesis and the set of diagrams containing meaningful information about that particular hypothesis is usually a subset of the set of all the diagrams available. The limited capacity of human working memory (Baddeley, 1986) makes it practically impossible for the problem solver to retain all information from all diagrams to reason successfully about the target system when the number of diagrams to investigate exceeds the problem solver's span of control. Therefore, in order to exploit fully the utilization of multiple diagrams, we need to devise a better way to assist the reasoning process with multiple diagrams (Woods and Watts, 1997) .
Reasoning with multiple diagrams involves the integration of information dispersed across multiple displays in order to construct a coherent representation about the target system. We argue that the perceptual and conceptual processes in the case of the single diagram should also be extended and applied to the case of multiple diagrams. Therefore, as we needed to effectively conduct both the perceptual and conceptual processes in order to reason well with a single diagram, we should also be able to perform effective perceptual and conceptual processes in integrating multiple diagrams. In other words, both the perceptual integration and the conceptual integration processes should be conducted effectively in order to reason successfully with multiple diagrams. With multiple diagrams, the perceptual integration process consists of linking the relevant visual items that are dispersed across multiple diagrams of different perspectives, whereas the conceptual integration process consists of generating and refining hypotheses about the target system with various information inferred from different diagrams.
In order to successfully perform perceptual integration, we need to locate the diagram to look at next and to recognize the relevant items in the target diagram. Therefore, if the visual representation of the diagrams provides effective visual cues that indicate how an item in one diagram is related to others in different diagrams, then these visual cues will help navigate to a diagram that is related to his/her current hypothesis about the target system. Providing visible cues to the diagrams has been suggested as a way of improving the "visual momentum", which decreases the mental effort required to reason with multiple diagrams (Woods and Watts, 1997) . On the other hand, in order to perform the conceptual integration effectively, we need to discern whether the data provided in various diagrams is important to the attending hypothesis. The relative importance of a single datum cannot be judged by itself, but should be put into context to assess its relative value (Woods, 1995) . One way to provide the contextual information is to provide a "long shot", which shows the big picture of the entire system (Woods and Watts, 1997) . Therefore, if the long shot diagram provides contextual information that indicate how an individual datum in one diagram is related to the overall hypothesis about the entire system, then the contextual information will help the problem solver evaluate his/her current hypothesis in relation to the overall mental model of the entire system. In summary, we argue that both the perceptual and the conceptual integration processes are necessary in order to understand a system with multiple diagrams from different perspectives. Perceptual integration links several relevant visual items across multiple diagrams, which helps relate information across different diagrams and different perspectives. On the other hand, conceptual integration generates and refines hypotheses about the target systems with the information inferred from perceptual integration. A wellbalanced integration in both the perceptual and conceptual processes is essential for successful understanding of a system represented with multiple diagrams. An experiment was conducted to test the effects of visual cues and contextual information on the cognitive processes of reasoning with multiple diagrams. The next section will present our research methodology and also the data analysis method employed.
EXPERIMENT DESIGN

Subjects
The subjects were senior undergraduate students at Yonsei University enrolled in a semester-long business engineering course. In order to assess the effects of visual cues and contextual information in the multiple diagrams, subjects needed to be trained with different diagrammatic representations. Therefore, the experiment was conducted over a period of two semesters. During one of the semesters nine students were taught an object-oriented methodology without visual cues and contextual information (Rumbaugh, et al., 1991) . These subjects will be referred to as the control group. During the other semester, seven students were taught an object-oriented methodology with visual cues and contextual information newly incorporated in the diagram notation (Booch and Rumbaugh, 1996) . These subjects will be referred to as the experimental group.
The subjects participated in the experiment at the end of the each respective business engineering course, by which time they had completed several homework assignments and a class project. None of the subjects in both the control and experimental groups had difficulties in understanding the diagrams provided as the experimental material, because the diagrams were of the same kinds as practiced in class.
Task Domain
This study focuses on the use of multiple diagrams in Object-Oriented Business Engineering (OOBE). OOBE is defined as the application of object technologies to the restructuring of business processes (Pancake, 1995) .
Business engineering consists of understanding the current business processes in order to diagnose the fundamental source of problems in the existing processes and subsequently designing radically new processes to eliminate the problem sources. OOBE has been recommended as one of the major methodologies to conduct business engineering projects (Davenport, 1993; Jacobson, 1995) because it provides several diagrams that can represent the real world business processes and the information system in a unified way (Beedle, 1995; Taylor, 1995) .
One of the most important objectives of OOBE is to provide visual representations that enable business engineers to diagnose the current business processes and identify the fundamental problem sources efficiently and effectively. In order to achieve this objective, the business engineer should not only be able to understand the content of each of the individual diagrams, but also be able to integrate the information from multiple diagrams from different perspectives. Although the multiple diagrams in OOBE have been used extensively in actual business engineering practices (Pancake, 1995) , few studies have empirically investigated the usability of the multiple diagrams of OOBE. This study conducts an experiment to explore the cognitive integration processes in reasoning with multiple diagrams where the integration of information from different perspectives is essential to understanding the represented system.
Task Material
A real-world business engineering case was used as the experimental stimulus. In order to provide the subjects with a realistic environment, the case was selected based on three criteria. First, there must be fundamental problems in the business processes that can only be solved by a radical redesign of the processes.
Second, the case should balance the amount of relevant information among multiple diagrams from different perspectives -the static, dynamic, and the functional perspectives. Third, the scope of the case should not be exceedingly large, since the subjects must be able to understand the entire business system within the given time limits of the experimental session. The Taco-bell case was selected because it met all the three criteria (Champy, 1995; Hammer, 1996; Hammer and Champy, 1993) .
Taco-bell, one of the biggest fast-food chain stores, had fundamental problems in its pre-arrangement and post-order processes. The pre-arrangement process consisted of receiving raw material from its suppliers and preparing them ready for service. The post-order process started when a customer made an order, and went on until the order was served with the requested dishes. Since each store had to prepare their respective materials, it took far too long to perform the pre-arrangement and the post-order processes. The company solved these problems by establishing a central pre-processing facility that prepared the material so that individual stores needed only perform simple tasks to serve the requested orders.
This business-engineering case was complex in that the subjects had to integrate information from multiple perspectives in order to correctly diagnose the fundamental problems and come up with the correct answers.
The dynamic perspective was needed to infer that the chef in charge and the assistant chef were highly occupied while preparing the raw material and the individual dishes. The functional perspective showing the actual preparation processes was needed to infer that the preparation process consisted of many steps and took a long time to accomplish. Finally, the static perspective showing that the restaurant was a chain store and not an individual outlet was needed to infer that the same time consuming and complex tasks of preparing the raw material and the dishes were performed by multiple outlets. All of the above information had to be successfully integrated to identify the correct problems to the case.
The experimental material was prepared by structuring the business engineering case into two parts -the problem statement and the diagrams. The problem statement was constructed as follows. First, the original case was segmented into four parts: background, current situations, source of the problems, and the new solution. Second, we took out the source and solution parts, and recompiled the background and the current situation so that only information relevant to the stated problems remained. Then, in a pilot study, the problem statement was given to eight subjects in order to check whether it provided enough information to diagnose the fundamental problems. Five out of the eight subjects could identify the problems within the given time limits. The problem statement was revised both by deleting some information that caused subjects to come up with unintended problems and also by supplying more information related to the intended problems.
The diagrams were drawn based on the problem statement as follows. First, the content of the problem statement was represented in pseudo-code. Second, the pseudo-code was segmented into the various perspectives (i.e., static, dynamic and functional). Third, the actual diagrams were drawn based on the segmented pseudo-code. Details about the individual diagrams will be explained in the next section. Fourth, the diagrams were translated back to natural language descriptions. Finally, the original problem statement and the translated natural language descriptions were compared and the diagrams were revised to resolve the discrepancies between them. These five steps were iterated several times to make sure that the multiple diagrams faithfully represented the original problem statement.
Another preliminary study was also conducted to verify the need for the multiple perspectives (i.e., static, dynamic and functional) for the current problem (Hahn, Hahn and Kim, 1997) . Eighteen subjects taking a course on OOBE taught by the first author participated in the preliminary study. None of the subjects had any problems understanding the notation of the diagrams. In order to verify that multiple diagrams were necessary for diagnosing the business, the subjects were randomly divided into three groups, and each group was provided with diagrams from only one of the three perspectives. The first group only received diagrams from the static perspective, the second group only the dynamic perspective, and the final group only the functional perspective. It turned out that only one of the eighteen subjects could identify only one of the problems in the business process, which indicates that integration of information from the multiple perspectives was indeed necessary to thoroughly understand the business process. More detailed information about the results from the preliminary study can be found in Hahn, et al. (1997) .
Experimental Treatment
Object-oriented methodologies typically offer multiple diagrams from three basic perspectives, even though the exact number and types of diagrams vary across methodologies (Booch and Rumbaugh, 1996; Booch, 1994; Jacobson, 1992; Rumbaugh, et al., 1991) . The Object Modeling Technique (OMT), which was taught to the subjects in the control group, provides multiple diagrams that model a system from the static, dynamic and functional perspectives (Rumbaugh, et al., 1991) . The OMT provides class diagrams from the static perspective that represent classes and the static relations among the classes. An example of a class diagram is shown in Figure 1 .
-Insert Figure 1 around here -
The OMT offers state transition diagrams and event trace diagrams from the dynamic perspective that represents the events in the time flow, and the changes of the object's state and inter-object relations according to the events. The changing state of an individual object is usually represented in state transition diagrams ( Figure 2 ). The event trace diagram represents the events and changing relations among objects with time flows from top to bottom (Figure 3 ).
-Insert Figures 2 and 3 around here -
The OMT offers two diagrams from the functional perspective that represents the operations of the objects in terms of how the input data are processed in order to produce the output information. The input-output diagram (Figure 4) represents the boundary of the system and its interaction with outsiders. The data flow diagram ( Figure 5 ) represents the procedure of the system to process data.
-Insert Figure 4 and 5 around here -
Recently, major methodologists of the object-oriented techniques have gathered to propose the Unified Modeling Language (UML) (Booch, Rumbaugh and Jacobson, 1999 ) that combines the strengths of various object-oriented methodologies (Booch, 1994; Jacobson, 1992; Jacobson, 1995; Rumbaugh, et al., 1991) .
Considering the impact the UML would have on business engineering practices, this was taught to the subjects in the experimental group. The UML provides multiple diagrams from two basic perspectives -static and dynamic (Booch and Rumbaugh, 1996) . As was with the OMT, the UML also provides class diagrams, state transition diagrams, and event trace diagrams. In addition, the UML offers object message diagrams that model the interaction between the objects within the system in terms of events and relation changes among objects ( Figure 6 ). Figure 6 around hereFurthermore, to compensate for the fact that object-oriented methodologies were deficient in that they did not show processes or functionality, the UML adopts use cases diagrams (Figure 7) . The use case diagram shows at a high level of abstraction how external actors interact with the system via use cases (Jacobson, 1992) .
-Insert
Two sets of diagrams were constructed to be used as the experimental stimuli. The first set of diagrams, which was given to the control group, was drawn according to the object modeling technique (Rumbaugh, et al., 1991) . Eleven diagrams were drawn in total. The diagrams were one class diagram (CD), five state transition diagrams (STD1~5), one event trace diagram (ETD), one input-output diagram (IOD), and finally three data flow diagrams (DFD1~3). In order to identify the first problem, the subjects needed to refer to the CD, ETD, STD3, STD4, DFD1 and DFD2, while they should have consulted CD, ETD, STD1, STD2, and DFD3 to diagnose the second problem.
The set of diagrams for the experimental group was drawn based on the UML (Booch, et al., 1999) . Two modifications were made to the original UML diagram set in order to incorporate visual cues and contextual information in the diagrams that were given to the experimental group. One modification was made to provide visual cues that would help increase the continuity across different diagrams. This was done by choosing the object message diagram and excluding the event trace diagram from the experimental diagram set. The event trace diagram, whose purpose is to show the flow of messages between objects, represents objects as vertical lines and messages exchanged between the objects as arrows between the vertical lines. The object message diagram, which is informationally equivalent to the event trace diagram, adopts a node-arc structure (i.e., objects as nodes and messages as arcs) and thus making it visually similar to the class diagram. The visual similarity was expected to increase visual momentum, and therefore, help easily relate the class diagram and state transition diagrams and encourage the subjects into linking the static and dynamic perspective (Edelman, Cutzu and Duvdevani-Bar, 1996) . The event trace diagram was eliminated from the diagram set of the experimental group to avoid redundancy because it was informationally equivalent to the object message diagram. The object message diagram represents the exact same information as the event trace diagram except for the fact that the layout of the diagram is altered. Whereas the event trace diagram emphasizes the temporal flow of behavior, the object message diagram emphasizes the relationships between the objects. The object message diagram shows the objects and links just as in the class diagram, with arrows from sender objects to receiver objects. The second modification was made to provide a broader context through which the problem solver would identify the relative importance of individual items with regard to the attending hypotheses. This was achieved by designing a context diagram (Figure 8 ).
-Insert Figure 8 around here -
The context diagram can be regarded as a long-shot diagram at a detailed level with use cases decomposed into sub-use cases that shows the process flow and the functional dependencies between the sub-use cases. In addition, the use cases in the context diagram are mapped onto the individual object message diagrams that can be referred to in order to acquire further details about the individual business processes. Thus, the high level grouping of the use case diagram and the low level representation of the context diagram were expected to help the problem solver understand the detailed process diagrams (i.e., object message diagrams) with an overall view of the entire system. As a result, the set of diagrams for the experimental group consisted of a total of fourteen diagrams. The diagrams were one class diagram (CD), six state transition diagrams (STD~6), five object message diagrams (OMD1~5), and two use case diagrams (UCD for the original use case diagram and CTD for the newly designed context diagram). The experimental group subjects needed to refer to CD, UCD, CTD, OMD2, STD3 and STD5 to identify the first problem, while they had to investigate CD, UCD, CTD, OMD1, OMD5, STD2 and STD4 to solve the second problem.
Even though the number of diagrams differed between the two groups, the two sets of diagrams were drawn so that they were informationally equivalent (Larkin and Simon, 1987) . In order to verify the information equivalence, both sets of multiple diagrams were translated back to natural language descriptions. Then, the translated natural language descriptions were compared and the diagrams were revised to resolve the discrepancies between the two. These steps were iterated several times to make sure that the two sets of diagrams were equivalent in information content.
In summary, the set of multiple diagrams for the control and experimental groups represented the same amount of information but used different representations. In other words, the material was informationally equivalent, but not necessarily computationally equivalent (Larkin and Simon, 1987) . The event trace diagrams that focused on the temporal flow of messages were replaced by the object message diagrams that were hypothesized to provide effective visual cues to connect diagrams from the static and dynamic perspectives.
The data flow diagrams and the input-output diagram that focus on the functional flow of data were replaced by the use case diagram and the context diagram that were intended to provide contextual information that would help decide the importance of individual data. Table 1 summarizes all the diagrams given to the control and experimental groups.
Diagram
Control Group Experimental Group
Class 
Experimental Procedure
The experimental sessions were divided into four sections. First, the subjects were given instructions about the general nature of the experiment and were told that verbal protocols would be collected. Subjects were trained to "think-aloud" using two standard training tasks (Ericsson and Simon, 1993) . The subjects were then presented with the experimental diagrams and were asked to diagnose the business system based on the given diagrams. The diagrams were provided on paper and subjects could spread them out physically in parallel.
The subjects were given ninety minutes to understand the given diagrams and come up with what they believed were the fundamental problems in the business system. Due to the intended complexity of the experimental task, most subjects worked up until the ninety-minute time limit.
Data Analysis and Coding Schema
We used protocol analysis (Ericsson and Simon, 1993) to investigate the cognitive process involved in diagnosing the business processes through the use of multiple diagrams. Verbal utterances during problem solving were the major source of data for the experiment. Action protocols were also collected along with verbal protocols, since the use of both verbal and action protocols was expected to provide a more complete trace of problem solving behavior (Rist, 1989) . Two important considerations for using protocol analysis are to identify an appropriate unit of analysis, and to develop an objective coding system for each unit. We selected to use episodes as our unit of analysis considering the volume of data in our study. Episodes are small self-contained phases of highly organized activity (Newell and Simon, 1972) . A preliminary study was conducted to develop an objective coding scheme, to ensure that the coding system is not skewed to some specific features of a certain group in the experiment.
The perceptual data was coded based on the action protocols. The perceptual data traced the diagrams the subjects were attending to during problem solving. A subject was coded as paying attention to a certain diagram if she identified the title of the diagram or if she located a certain visual item in the diagram by pointing to the visual item or by explicitly mentioning its name. The activity of deliberately switching between two diagrams in order to identify the relations between the two was also coded as perceptual data. Each subject's perceptual data was summarized into a diagram transition graph that depicts the trajectory of the subjects' transitions among the multiple diagrams during the entire experimental session. An example of the diagram transition graph will be shown in the results section.
The conceptual data was coded based mainly on the verbal protocols. The conceptual data traced the subjects'
hypotheses about the fundamental problem of the given business process. All verbal utterance that contained the subject's opinion about a certain process was coded as a hypothesis. For example, a subject may directly suggest a potential problem ("It took four hours to prepare for the meals everyday. That's too much."), or ponder upon the basic rationale about the current process ("why does she have to input the order only in such a way?"), or may infer consequences not given in the diagrams ("she must be pretty tired after taking care of all these stuff"). It was possible that some hypotheses were not well focused to specific problems. The subject could also refine the hypothesis that he/she made earlier. This was also coded as conceptual data. The conceptual data was summarized into a hypothesis behavior graph that is similar to the problem behavior graph proposed by Newell and Simon (1972) . The hypothesis behavior graph traces the subjects' problem solving behavior in terms of hypotheses generated and refined. An example of the hypothesis behavior graph will be shown in the results section.
The steps of protocol analysis were as follows. First, all the verbal and action protocols were transcribed with their time of occurrence. The transcriptions were verified by the authors. Then, the entire protocol transcripts were initially segmented into episodes. Segmentation was guided by a segmentation rule based on the types of episodes described in the coding system. Upon examination of the initial segmentation of the entire protocol, a few ambiguities in the segmentation rule were identified. After revising the segmentation rule to account for those ambiguities, we applied it again to the entire set of protocols. The resulting segmented episodes were coded using the coding system described above. Although a few episodes could not be coded with the current coding system, a re-analysis of these protocols indicated that the time spent by the subjects in these episodes was negligible in the experiment and did not contain significant information about the subjects' problem solving behaviors. Therefore, those episodes were omitted from further analysis. Finally, the diagram transition graph and the hypothesis behavior graph were constructed as described above for each subject to summarize his/her perceptual and conceptual cognitive activities.
Results
Overall Final Performance
The overall performance was measured by counting the number of correct problems the subjects had identified during the diagnostic process. The results are summarized in Table 2 . In the control group, only two subjects were able to identify all of the two correct problems, three subjects identified only one of the two problems and four subjects could not come up with any problem at all. In the experimental group, six subjects came up with the two correct problems while one subject came up with a single problem. These results suggest that the overall performance of the experimental group was significantly better compared to that of the control group (χ 2 =6.86, p<0.05). 
Number of Correct Problems Control Group Experimental Group
Table 2 -Final Performance
Since the experimental material for the two groups were informationally equivalent, the difference in final performance implies that the difference in how the experimental material was presented to the subjects may have produced the difference in final performance. More specifically, the visual cues and contextual information incorporated in the diagram set for the experimental group may have helped the subjects within the perceptual and conceptual integration processes of diagrammatic reasoning with multiple diagrams.
Protocol analysis was performed to examine the cognitive integration processes of the subjects to account for the difference in final performance.
Detailed Process Data about One Representative Subject in each group
Detailed protocol analyses of the subjects in each group were conducted to identify the possible differences in cognitive processes of perceptual and conceptual integration, which would account for the difference in performance. Although comprehensive analysis of the verbal and action protocols most accurately shows the dynamic nature of the cognitive integration processes, it is impossible to present all the data in detail for all the subjects due to the space limitations. Therefore, for each group, we will present the analysis of one subject in detail and then compare the aggregate protocol results between the two groups. The subject to be presented in detail for each group was selected because his/her cognitive processes were relatively simple and representative of the behaviors of the groups. This section presents the results of the detailed protocol analysis for one representative subject in each group. Aggregate results for the two groups will be presented in the next section.
The Perceptual Integration Process
The subjects' perceptual processes were analyzed based on the subjects' diagram transition graphs. We can see that the experimental group subject went through much more diagram transitions than the control group subject (68 for the control subject; 454 for the experimental subject). The difference is significant considering the same time limit assigned to both groups. Second, the diagram transition graphs show that the experimental subject made many more roundtrips than the control subject (13 for the control subject; 198 for the experimental subject). The and shapes in the figures represent round-trips where the subject refers to another diagram and returns to the initial diagram of interest.
The above analyses point to several interesting insights concerning the perceptual integration process of the subjects when reasoning with multiple diagrams. The larger number of diagram transitions by the representative experimental subject implies that he performed a more extensive search than the control subject. Moreover, the larger number of round-trips by the experimental subject implies that his search was not just a random walk, but a purposeful endeavor to relate pairs of related diagrams. This may have been possible because visual cues in the diagram given to the experimental subject allowed him to easily locate the related diagrams among the available diagrams.
The Conceptual Integration Process
The subjects' conceptual processes were analyzed based on the subjects' hypothesis behavior graphs. Figures   11 and 12 show the hypothesis behavior graphs of the representative control group and experimental group subjects, respectively. The hypothesis behavior graphs represent the hypotheses generated by a subject in order of occurrence. Each rectangle represents a hypothesis generated by the subject. Refinement of a previously generated hypothesis is denoted as one placed one step to the right. Different hypotheses are placed on different rows. The hypothesis number and the number of refinements for the particular hypothesis are denoted on the right side of the square. The temporal sequence of occurrence of the hypotheses is represented by the spatial location of the elements of the sequence on the horizontal axis, from left (early) to right (late). The diagrams involved in the generation (and refinement) of the hypotheses are represented by the diagram name under each square. For example, the hypothesis behavior graph of subject C9 in Figure 11 shows that the subject generated her first hypothesis (H1-1) while attending to the Class Diagram (CD).
-Insert Figure 11 and 12 around here -
We can see from the figures that the conceptual behaviors of the two subjects were radically different in two aspects: the number of hypothesis refinements and the number of different diagrams involved in developing the hypotheses. First, even though the numbers of hypotheses generated are not significantly different from one another (10 for the control subject; 13 for the experimental subject), the representative experimental subject (Sbj E5) refined the generated hypotheses much more often than the representative control subject (Sbj C9). In fact, the control group subject never refined hypotheses that had been generated earlier, while the experimental group subject made 45 refinements in total, more than 3 refinements per hypothesis on average.
Second, the representative control group subject mostly referred to only one diagram per hypothesis (except for her eighth hypothesis where four diagrams were involved; STD3, 4, 5 and CD), whereas the representative experimental group subject examined various diagrams while refining a previously generated hypothesis.
Since information about a certain entity is dispersed over multiple diagrams following the perspective of each diagram, the refinement process of the hypotheses should consist of integrating multiple perspectives of the system into a single, composite representation. Therefore, different diagrams came into play in the hypothesis refinement process of the experimental group subject. The contextual cues built into the diagrams of the experimental group subject are assumed to have allowed him to evaluate the various data dispersed over the multiple diagrams from a consistent context of the attending hypotheses.
In summary, the detailed protocol analyses of the representative subjects suggest that problem solving with multiple diagrams involves two closely related cognitive integration processes: a perceptual integration process characterized by a purposeful search behavior of transitioning between diagrams and a conceptual integration process characterized by a hypothesis generation and refinement behavior. Success in problem solving depends on the effective execution of these two processes. In terms of the perceptual integration process, the search behavior should involve many returning transitions thus enabling the problem solver to relate information from different diagrams. In terms of the conceptual integration process, the reasoning behavior should involve many different diagrams thus enabling the problem solver to develop the correct hypothesis. In the next section, aggregate data are presented to generalize these findings.
Aggregate Results
The Perceptual Integration Process
The aggregate results of the perceptual data are summarized in Table 3 . Following the insights from the detailed protocol analyses, the two groups' perceptual data was compared based on three aspects -the total number of diagram transitions, the number of returning transitions and the number of returning transitions where diagrams involved are from different perspectives. First, comparison of the number of diagram transitions between the two groups shows that the subjects in experimental group performed more diagram transitions than those in the control group (100.1 for the control group vs. 357.1 for the experimental group; t(14) =7.05, p<0.001) . Since the experimental material for the experimental group consisted of three more diagrams than that of the control group, the number of transitions were normalized per diagram and the results remained significant (8.3 for the control group vs. 23.8 for the experimental group; t(14) =6.25, p<0.001) .
Next, we examined the number of episodes where the subjects performed round-trip transitions. The results
show that the experimental group made significantly more round-trips than the control group (27.6 for the control group vs. 138.6 for the experimental group; t(14) =5.61, p<0.001) . Again, the difference was significant even when the results were normalized per diagram (2.2 for the control group vs. 9.1 for the experimental group; t(14) =4.93, p<0.001 ) and also by percentage of returning episodes of total transitions (27.1% for the control group vs. 37.5% for the experimental group; t(14) =2.5, p<0.05) . In addition, we examined the number of returning episode where the two diagrams involved were from different perspectives (e.g., one diagram from the static perspective and the other from the dynamic perspective). The results show that the experimental group had significantly more such returning episodes than the control group (12.7 for the control group vs. 85.4 for the experimental group; t(14)=4.9, p<0.001). Again, the difference remained significant when the number of such returning episodes were normalized per diagram (1.1 for the control group vs. 5.7 for the experimental group; t(14) =4.6, p<0.001) , by percentage of such returning episodes of total transitions (12.8% for the control group vs. 22.5% for the experimental group; t(14)=3.1, p<0.01), and also by percentage of such returning episodes of total returning episodes (46.3% for the control group vs.
59.1% for the experimental group; t(14)=2.4, p<0.05).
Control Group Experimental Group
Total Transitions 100.1 357.1
Returning Episodes 27.6 138.6
Different Perspective Returning 12.7 85.4
Table 3 -Perceptual Integration Process
The above aggregate results conform to the traits observed in the analyses of the representative subjects. The subjects in the experimental group performed more diagram transitions, which suggests that these subjects performed a more extensive search. In addition, the higher frequency of search between diagram pairs of the experimental group suggests that the extensive search behavior was a purposeful attempt to relate diagrams.
Furthermore, the greater proportion of returning transitions between diagrams from different perspectives suggests that the subjects in the experimental group could integrate information from different perspective more easily than the subjects in the control group, which may have produced the higher performance for the experimental group.
The Conceptual Integration Process
The aggregate results of the conceptual data are summarized in Table 4 . First we examined the number of hypothesis refinements. The control group produced an average of 6.7 hypotheses and these hypotheses were refined an average of 10.6 times, yielding an average of 1.5 refinements per hypothesis. On the other hand, the experimental group developed an average of 10 hypotheses and these hypotheses were refined an average of 40.5 times, giving an average of 4.0 refinements per hypothesis. Thus, the experimental group showed significantly more refinements than the control group subjects (t(14) = 4.4, p<0.001 ).
Control Group Experimental Group
Number of Hypotheses 6.7 10.0
Number of Refinements 10.6 40.5
Refinements / Hypotheses 1.5 4.0 Diagrams / Hypotheses 1.7 4.6
Perspectives / Hypotheses 1.3 2.4
Table 4 -Conceptual Integration Process
Next, we examined the diagram usage in the hypothesis generation and refinement process. Table 4 also shows the number of diagrams used in the process. For the experimental group subjects, an average of 4.6 diagrams were involved in generating and refining each hypothesis, while the control group subjects used less than two (1.7) diagrams per hypothesis generated. Therefore, the experimental group subjects showed a more extensive usage of the diagrams for generating and refining hypotheses about the target system (t(14)=6.3,
p<0.0001).
In order to verify that the subjects in the experimental group did not merely use more diagrams in the hypotheses generation and refinement process, we compared the average number of perspectives involved for each hypothesis. The number of different perspectives was computed by counting the different diagram types.
For example, if a subject refined a hypothesis three time while investigating the class diagram (CD), the first and third state transition diagrams (STD1 and STD3) and the third data flow diagram (DFD3), the number of perspectives involved was three even though four diagrams were used. For the experimental group, an average of 2.4 perspectives per hypothesis were involved, whereas the control group only showed an average of 1.3 perspectives (t(14)=7.3, p<0.0001). The higher performance of the experimental group may have been possible because the subjects in the experimental group could integrate information dispersed across different perspectives more easily and thus gain a more complete understanding of the target system which in turn enabled them to identify the correct problems.
In summary, the aggregate results show similar patterns in the cognitive integration behaviors as those observed in the detailed process results of the representative subjects. In terms of the perceptual integration process, the subjects in the experimental group went through significantly more transitions than the control group, which implies that a more extensive search was performed by the experimental group. Second, the subjects in the experimental group made significantly more round-trips than the control group, which implies that these subjects could relate pairs of relevant diagrams more easily. Third, the diagram transition behaviors of the experimental group showed a greater proportion of returning transitions between diagrams from different perspectives than the control group, which implies that the subjects in the experimental group could relate and integrate information from different perspective more easily than the control group. In terms of the conceptual integration process, the experimental group made significantly more refinements to their hypotheses than the control group. Second, the experimental group employed more diagrams in refining their hypotheses, which implies that the experimental group could integrate the relevant data across the multiple diagrams for their hypotheses. Finally, not only did the subjects in the experimental group use more diagrams but the diagrams used were from more different perspectives compared to the subjects in the control group, which implies that the experimental group could integrate information from different perspectives more easily than the control group. The higher performance of the experimental group may have been possible because the visual cues and contextual information incorporated in the diagrams helped them relate and integrate information from different perspectives to build a more comprehensive representation about the target system.
DISCUSSION
One of the goals of research on diagrammatic reasoning is to help develop better representations that aid problem solving. Accordingly, this paper extends the current research from diagrammatic reasoning with a single diagram to reasoning with multiple diagrams and presents a theoretical framework for the cognitive processes of perceptual and conceptual integration within multiple diagrams. This paper also identifies important design considerations for developing multiple diagrams (i.e., visual cues and contextual information) and applies them to the design of representation aids in Object-Oriented Business Engineering.
The results from the experiment indicate that the visual cues facilitated the perceptual integration process, which resulted in more transitions among multiple diagrams and especially, more transitions between pairs of related diagrams from different perspectives. The contextual information also turned out to facilitate the conceptual integration process, which resulted in more thorough hypothesis refinements and in a more versatile use of diverse diagrams from different perspectives. The ease in both the perceptual and conceptual integration fostered by the visual cues and contextual information helped construct a more comprehensive representation about the target system and also resulted in higher problem solving performance.
The limitations of our study stem from the nature of experimental studies. First, the business case we used in our experiment was customized for experimental use, which includes simplification of the original case so that it can be understood by the subjects within a given time limit. This might have simplified the problem so that it may be inappropriate to regard it as a real world business-engineering project. Furthermore, subjects in our experiments were neither real business engineers nor subject-matter experts, but undergraduate students taking a business-engineering course. Business engineers or subject-matter experts in the real world might have behaved differently from our student subjects based on their actual field experiences. Given the fact that more and more business engineering efforts are becoming participatory in nature, it will be interesting to investigate how well subject-matter experts or business engineering experts understand a business systems through the use of multiple diagrams. Our future research includes conducting a field study in a real business-engineering project. We expect the field study to add external support in applying the diagrammatic reasoning principles to the development of multiple diagram representations.
A frequently occurring problem with most protocol analysis studies is the difficulty of objective coding. Since the coding process is often impossible to automate, human coders have to manually perform extensive coding of the protocol data. Even though care was taken in the design of the study to maximize the objectivity of the coding system, some bias may have been introduced into the study results because it is extremely difficult for human coders to be completely ignorant of the experimental hypothesis during the iterative coding process.
Despite these potential problems detailed collection and analysis of thinking aloud protocol data has proven very effective in providing insight into the subjects' problem solving processes. Experimental studies in the information systems discipline may learn from this study's example and employ similarly detailed data collection and analysis methods in the search for understanding of human problem solving processes.
Therefore, experimental studies should not only be designed to demonstrate between group differences, but should also be designed to explain the causes of the differences in terms of detailed problem solving traces.
From a practitioner's point of view, the design of the experiment may make the results of the study difficult to interpret. Practitioners may wish to see a study that compares the traditional Object Modeling Technique (OMT) and the newly proposed Unified Modeling Language (UML) so that they may decide to switch to the UML in their business engineering practices or one that compares the UML with another UML enhanced with visual cues and contextual information so that they may use these enhancements in their practices. However, due to the design of the experimental material, the results of the study may not be used to compare the OMT and UML directly for two reasons. First, not all the diagrams provided by Unified Modeling Language were presented to the experimental group. For example, the event trace diagram is also offered by the UML but was not presented to the experimental group, because the event trace diagram was informationally equivalent to the object message diagram and the object message diagrams afforded visual cues. Second, some of the diagrams provided to the experimental group were not part of the UML. For example, the context diagram presented to the experimental group is not part of the UML. Also, the UML could not be used for the control group and the enhanced UML for the experimental group because the contextual information could not be completely removed unless the use case diagram was eliminated. However, the use case diagram is a representative diagram in the UML, and the experimental group subjects who had already used these diagrams over several months could not accept the UML without the use case diagram. Therefore, the OMT had to be used for our control group, even though this made the results of the study somewhat difficult to interpret. A future study may be designed to conduct a more controlled experiment by developing a third notation, different from both the OMT and the UML.
Despite the above limitations, this study has strong theoretical and practical contributions. Theoretically, this paper presents a cognitive framework for the cognitive integration processes in reasoning with multiple diagrams. This paper proposed two dimensions of cognitive integration (i.e., perceptual and conceptual), analytical methods to investigate the dynamic process of the two types of integration (i.e., the diagram transition graphs and the hypothesis behavior graphs), and prescriptive ways to facilitate the integration process in the two dimensions (i.e., visual cues and contextual information). The two dimensions are consistent with the two problem spaces proposed by Kim and Lerch (1997) that supports the cognitive activity of programmers in writing programming codes. The two prescriptive ways are also consistent with the two methods that were proposed by Woods and Watts (1997) that provides various ways to navigate a large number of diagrams. The practical contribution of this paper arises from the prevalence of multiple diagrams from multiple perspectives in software and business engineering. The use of more than one type of diagrams is a norm rather than an exception in modeling information systems and business processes for the modern corporation. However, the use of more diagrams does not directly increase analysts' understanding of the target system unless the representation of the diagrams aids problem solving (Good, 1996; Green, Petre and Bellamy, 1991; Vessey, 1991) . Poor understanding of the target system may result in catastrophic flaws in the design of business processes in large corporations (Hammer, 1996) . At the same time, the current trends in software and business engineering place more emphasis on the design diagrams rather than on the final programming codes, because the design diagrams are more effective aids for communicating with other team members and maintaining the target systems (Winograd, 1995) . The increased role of design documentation is also expected to add more significance to the results of this paper, because performance benefits accrue when the problem representation induced from the multiple diagrams matches the characteristics of informationsystem developments and business-engineering tasks (Vessey and Galletta, 1991) . H2 (6) H3 (7) H4 (17) H5 (3) H6 (1) H7 (8) H8 (1) H9 (5) H10 (1) H11 (1) H12 (2) H13 (2) H1 ( 
